The aim of this study was to clarify the role of Fgfr2 during later stages of embryonic development. Of two previously reported gene-targeting experiments, the more extensive Fgfr2 deletion was lethal shortly after implantation, because of trophoblast defects, whereas the less extensive one survived until midgestation with placental insufficiency and defective limb outgrowth [Xu, X., Weinstein, M., Li, C., Naski, M., Cohen, R. I., Ornitz, D. M., Leder, P. & Deng, C. (1998) Development (Cambridge, U.K.) 125, 753-765]. Fgfr2 in the early embryo is expressed in the trophectoderm, and this extra-embryonic localization persists into mid-and late gestation, when Fgfr2 also is expressed in multiple developing organs. To gain insight into the later functions of Fgfr2, fusion chimeras were constructed from homozygous mutant embryonic stem cells and wild-type tetraploid embryos. This allowed survival until term and revealed that Fgfr2 is required for both limb outgrowth and branching lung morphogenesis. The use of fusion chimeras demonstrated that early lethality was indeed because of trophectoderm defects and indicated that in the embryonic cell lineages Fgfr2 activity manifests in limb and lung development. Highly similar lung and limb phenotypes were detected recently in the loss of function mutation of Fgf10, a ligand of Fgfr2. It is likely, therefore, that whereas during early development Fgfr2 interacts with Fgf4, in limb and lung development interactions between Fgf10 and Fgfr2 may be required. Possible epithelial-mesenchymal interactions between the splicing alternatives of Fgfr2 and their specific ligands will be discussed.
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F
ibroblast growth factors (FGF) contribute to numerous developmental processes throughout embryogenesis. They are the main mediators of limb outgrowth, as shown by ectopic limb bud formation induced by FGF beads transplanted into the flank of chicken embryos (1) (2) (3) or by Fgf4 overexpression in transgenic mice (4) . Additional roles were suggested for FGF4 and FGF8 in the maintenance of the progress zone and the zone of polarizing activity (ZPA) (for review, see ref. 5). Which of the 18 FGF isotypes is responsible for limb outgrowth remained, however, undefined until targeted null mutations of Fgf10 recently were reported. Targeted mutations of Fgf10 displayed complete abrogation of limb outgrowth coupled with a loss of lung branching morphogenesis. This suggested a crucial role for a single growth factor in the development of these two unrelated organs (6, 7) .
Involvement of Fgf10 in limb outgrowth and lung morphogenesis raised the question: Which receptor or receptors transmit its signals in the developing limb and lung? Chimera experiments with homozygous mutant embryonic stem (ES) cells suggested a role for Fgfr1 in limb and central nervous system development (8) . Involvement of Fgfr2 in limb outgrowth was indicated by a targeted mutation that displayed no limb buds but, because of placental insufficiency, did not survive beyond early limb outgrowth (9) Questions arose, therefore, of whether one or more Fgf receptors are required for limb outgrowth and whether loss of Fgfr2 function also can lead, beyond retardation, to a complete loss of limb development.
The FGF receptor or receptors that transmit Fgf10 signals during bronchial tree morphogenesis also remained unknown. Peters et al. (10) reported defective branching lung morphogenesis in a dominant negative transgenic model, where truncated Fgfr2 cDNA was expressed under an alveolar mucin promoter. Dominant negative mutations are a result of heterodimerization between wild-type and truncated receptor monomers. Because heterodimers can form between different FGFR isotypes (11) (12) (13) , dominant negative FGFR mutations have no isotype specificity. Therefore, the results of Peters et al. (10) , although demonstrating the involvement of FGF receptors in lung morphogenesis, failed to define the specific isotype. Another indication for the role of FGFRs in lung development is the defective alveogenesis of Fgfr3-Fgfr4 double homozygotes (14) .
Despite definitive information on the role of Fgf10 in limb outgrowth and lung development, the nature of the Fgfr locus, or loci, that must also contribute to these processes remained to be determined. To investigate the exact role of Fgfr2 in these processes, it was necessary to rescue the trophectoderm defects that were responsible for early lethality in previous genetargeting experiments (9, 15) . For this, a new targeting experiment coupled with tetraploid fusion chimeras was performed (16) .
Materials and Methods
Gene Targeting. Gene targeting was performed as described previously (15) , except that the osdupdel vector (gift of Oliver Smithies, University of North Carolina, Chapel Hill) was used and the selection was performed at elevated G418 concentration to create homozygosity at the mutant locus (17) . MF1 (albino) noninbred mice were used as embryo donors and as recipients.
Tetraploid fusion and the aggregation of ES cells were done according to Nagy et al. (16) .
Histochemistry. Bone and cartilage preparations (18) and wholemount (19) and histological in situ hybridization (20) were performed as described. Microphotos were taken either on a Zeiss SV11 stereo microscope or on a Zeiss Axiomat research microscope.
Results
Rescue of the Trophectoderm Defect. In a recent gene-targeting experiment we disrupted the IIIc exon (exon 9) of Fgfr2 at an EcoRV site and deleted the transmembrane exon (exon 10), as well as exon 11 and 12, which encode its first enzymatic domain. The 3Ј breakpoint was a ClaI site of exon 12. This presumptive null mutation was lethal shortly after implantation, because of trophectoderm defects (15) . Further interpretation of this phenotype became possible by a detailed study of early Fgfr2 expression, which revealed exclusive trophectoderm specificity from the early blastocyst to the egg-cylinder stage (21) . Because the present study aimed at gaining insights into later Fgfr2 functions that were predicted by its localization during organogenesis (22, 20) , the lethal trophectoderm defect had to be overcome.
Trophectoderm defects can be rescued by aggregating homozygous mutant ES cells with tetraploid normal embryos, which preferentially repopulate the extra embryonic cell lineages (16) . To this end an Fgfr2 Ϫ͞Ϫ ES cell line was selected at increased G418 concentration (17) . In this mutation, R2⌬2, the IIIc exon of Fgfr2, was disrupted and the transmembrane exon was deleted (Fig. 1 ). R2⌬2 differs from our previous mutation (15) in that the first kinase domain was not altered.
Abrogation of Limb Outgrowth and Lung Development in R2⌬2 ؊͞؊ 7
MF1 Fusion Chimeras. Homozygous mutant ES cells were aggregated with wild-type tetraploid embryos. R2⌬2 Ϫ͞Ϫ 7 MF1 fusion chimeras grew near to term [embryonic day (E)18.5], and their only external defect was the complete absence of limbs ( Fig.  2 a and b) . Survival throughout embryogenesis allowed us to conclude that this defect was not retardation, but an absolute lack of limb development (Fig. 2a) . Lack of limb development first was observed in the fusion chimeras at E9.5. The only external indication of limb outgrowth was a transient mesenchymal swelling of the lateral mesoderm that could be detected by histology between E10 and E11.5 in both limb fields ( Fig. 2 b, e, and f ). The swellings were very indistinct, if visible at all, by external inspection. This slight hypertrophy disappeared between E11.5 and E12.5, and later no other external structure could be associated with limb outgrowth.
Bone and cartilage preparations of E16.5 and E18.5 chimeras, however, revealed rudimentary internal structures representing the anterior and posterior limb girdles (Fig. 2 c and d) . It is significant that both the early transient mesenchymal swellings and the rudimentary scapula and pelvis were located at the normal sites of fore-and hindlimb outgrowth. We assume, therefore, that the mechanism that defines the site of limb outgrowth is upstream to Fgfr2.
Histological investigation of 14.5-to 18.5-day-old chimeras revealed an additional Fgfr2 loss of function phenotype. In serial sections no lungs were detectable in Fgfr2 Ϫ͞Ϫ chimeras. Comparing transversal trunk sections of E14.5 mutant embryos revealed a shift in the position of the heart (Fig. 2k) , as compared with the wild type (Fig. 2j) . This feature was not constant in our material and could be associated with the mobility of the heart in the mutant's more spacious thoracic cavity. The respiratory defect was restricted to the bronchial tree, because the mutant displayed the normal histological features of the trachea (Fig. 2l) , which is similar to the targeted loss-of-function mutation of Fgf10 (6, 7) . Taken together, the R2⌬2 mutation in the inner cell mass lineage caused an abrogation of limb outgrowth and lung morphogenesis that were manifest and complete until the end of gestation.
Both the limb and lung phenotypes of our R2⌬2 Ϫ͞Ϫ 7 MF1 chimeras were similar to those reported for targeted Fgf10 mutations (6, 7). Thus, mutations of the ligand and the receptor abrogated both limb and lung development. The two phenotypes were similar also in their details. The transient mesenchymal swellings and the abnormalities of the anterior and posterior girdles, as well as those of the bronchial tree, were similar in the Fgf10 and in Fgfr2 mutations. A close relationship between these complex loss-of-function phenotypes indicated that Fgfr2 and Fgf10 may cooperate in limb outgrowth and lung development and suggests that Fgfr2 is the receptor that transmits Fgf10 signals in the morphogenesis of both organs.
Fgfr2 Is Required for the Development of Certain Components of the
Complex Limb Girdles. Bone and cartilage preparations of E16.5 and E18.5 mutant chimeras revealed an intact clavicula and a small and deformed scapula, with part of the blade of the scapula and the coracoid process missing (Fig. 2 c, g, and h ). The posterior girdle, that is, the pelvic bones, were even more deformed, and we could identify them only by their position (Fig.  2 d and i) . The girdles connect the limbs to the axial skeleton and allow them to lift and propel the body, which was a crucial step in adaptation to terrestrial life. They evolved from multiple bones during the terrestrial adaptation of vertebrates and underwent drastic reshaping and fusion. Thus, the present mammalian scapula and pelvis result from multiple fusions of numerous elements (23) . Their rudimentary state in our mutant and, as it also appears from the figures provided by Min et al. and Sekine et al. (6, 7) , in the Fgf10 mutations indicates that Fgfr2 and Fgf10 are required for the development of some, but not all, components of the limb girdles. It also follows from these findings as well as from the Fgf-induced de novo limb outgrowth in the chicken embryo (1-3) that the external limbs develop together with their respective limb girdles and, thus, the external limbs and certain girdle bones form one developmental unit regulated by FGF signals. Changes of Gene Expression in the Limb Fields. Abrogation of limb outgrowth by our mutation suggested that Fgfr2 is among the earliest mediators of limb development. To investigate the effects of our mutation, in situ hybridization was performed. Because the mutant did not have limb buds, normal controls had to be chosen at very early stages of limb outgrowth. For this, we used 9.25-to 9.5-days postcoitum (dpc) embryos. In agreement with the data of Xu et al. (9) , Fgf10 expression was severely down-regulated and Fgf8 expression was virtually absent in the mutant. There was no difference between wild type and mutant in the expression of Hox-A7. Dlx2, en1, and shh also were studied, but their level of expression in the wild type was too low to appreciate the significance of their virtual absence in the mutant (not shown). Msx1 and Lhx2 expression, however, was significant in the wild-type limb field, whereas in the mutant the expression of both was inhibited (Fig. 3) . Weak residual Msx1 expression was visible in the forelimb area of the 9.25-dpc mutant, without being detectable in the hindlimb field, whereas in the umbilical area the torn amnion and visceral endoderm were strongly labeled ( Fig. 3 A and B) . Lhx2 was strongly expressed in the incipient normal forelimb bud, whereas in the later-developing hindlimb area only weak signals were visible. In mutant limb fields, however, no Lhx2 transcripts could be detected (Fig. 3 C  and D) . In other areas, such as the central nervous system, branchial arches, and heart, both genes were expressed normally. Lhx2 was suggested to be responsible for limb outgrowth, as shown by abrogation of chicken limb development caused by a dominant negative Lhx2 construct that was introduced by retroviral transfer (24) . Our data suggest that Lhx2 and Msx1 expression in the early limb bud depend on signaling through Fgfr2.
Interactions Between the Splicing Alternatives of Fgfr2 and Their
Ligands. Previous studies indicated that the two splicing alternatives of Fgfr2, Fgfr2-IIIb and Fgfr2-IIIc, may be active in epithelial-mesenchymal interactions. This was first suggested by the preferential expression of Fgfr-IIIb in epithelial tissues and by Fgfr2-IIIc in mesenchymal tissues (20) . Mesenchymal distribution of Fgf10 and its effect on ectopic limb outgrowth suggested that epithelial FGF isotypes, such as Fgf4 and Fgf8, that are localized in the apical ectodermal ridge may establish an epithelial-mesenchymal interaction with Fgf10 in the progresszone mesenchyme (3). Deng's laboratory, based on reported ligand-binding specificity of Fgfr2 and its splice variants (25) , connected the limb-outgrowth defect of their Fgfr2 mutation with interactions between the splicing alternatives of Fgfr2 and their various ligands, and they proposed that Fgf10 in the limb mesenchyme interacts with Fgfr2-IIIb in the surface ectoderm, whereas Fgf8 in the epithelial apical ectodermal ridge interacts with Fgfr2-IIIc in the progress-zone mesenchyme (9) . We reinvestigated the expression of the splicing alternatives of Fgfr2 (20) .
The primary aim of the present in situ hybridization experi- ments was to investigate whether interaction loops also may exist in lung morphogenesis. We found here, too, that Fgfr2-IIIb is expressed in an epithelium in the bronchial epithelium of the developing lung (Fig. 4h) , whereas transcripts of the mesenchymal Fgfr2-IIIc alternative were localized mainly to the mesenchyme (Fig. 4i) . We argued that because Fgf10, which is chemotactic for developing epithelial lung buds (26) , is expressed in the lung mesenchyme (27) , a mesenchyme-to-epithelium interaction between Fgf10 and Fgfr2-IIIb could take place. This mesenchyme-to-epithelium interaction then would represent the first link of the interaction loop of lung development (Table 1) . It was less clear whether, as the second link of interactions in lung development, signaling could originate from an epithelial Fgf isotype toward the mesenchymal Fgfr2-IIIc receptor. An epithelial Fgf isotype indeed does exist in the lung, because we have detected the expression of Fgf9 transcripts in the pleura of the developing lung (Fig. 4 j and k) . Because Fgf9 is a ligand of Fgfr2-IIIc (25) , an Fgf9-to-FGFR2-IIIc interaction could represent the second link. Therefore, a similar interaction loop may be active in lung and limb development (Table 1) . These as well the published (9, 15) Fgfr2 mutations affect the entire locus, including transcriptional alternatives; hence, comprehensive analysis of their ligand-receptor interactions will require exonspecific gene targeting.
Discussion
Rescuing the trophectoderm defect in our Fgfr2 mutation led to phenotypes in limb and lung. This is strong evidence for the trophectoderm specificity of the early defects displayed by both targeted Fgfr2 mutations (9, 15) . Although limb and lung defects were the only manifestations of Fgfr2 loss of function in the embryonic cell lineages, Fgfr2 is expressed in the development of multiple organs, in addition to limbs and the lung (20, 22) . Moreover, its dominant mutations lead to abnormal congenital bone development in man (28) . It is therefore likely that this receptor is involved in additional processes of organogenesis besides lung and limb development. Nevertheless, Fgfr2 is unlikely to be their only mediator, because they were not affected by the targeted recessive loss-of-function mutations (9, 15) . Thus, although Fgfr2, together with other Fgfr isotypes, may contribute to multiple events of morphogenesis, its specific roles in certain aspects of limb outgrowth and in the morphogenesis of the bronchial tree are absolutely required and may not normally be replaced by other Fgfr isotypes. This is not to debate the involvement of other Fgfrs in limb and lung development, because Fgfr1 Ϫ͞Ϫ ES cell chimeras displayed neural tube and limb defects (8) , targeted disruption of Fgfr3 caused limb bone overgrowth (29, 30) , and Fgfr3-Fgfr4 double mutants displayed alveolar defects (14) . It seems significant to us that all three unique functions of Fgfr2 are connected to events in the evolution of higher vertebrates. Its trophectoderm-specific early functions take place in the extraembryonic tissues, and, thus, they are amniote characteristics (15, 21) . Its involvement in limb and limb-girdle development points to a role of Fgfr2 in the adaptation of semiaquatic forms to terrestrial life and so does its importance for lung morphogenesis. It is therefore possible that FGFR2, which differs in its size from all other FGF receptors (31), arose as a specific adaptation. Alternatively, its regulation may have been modified at an advanced stage of vertebrate evolution. Previous data suggest that Fgfr2 in the trophectoderm of the early embryo interacts with Fgf4, which is expressed in the inner cell mass (15) . The present findings indicate that in inner cellmass-derived embryonic lineages, Fgfr2, with Fgf10 as its ligand, mediates the outgrowth of the single epithelial bud of the limb as well as the complex bronchial tree. The epithelialmesenchymal FGF-FGFR circuits of the mammalian limb and lung (Table 1) include highly conserved interactions. An FGFR homologue is responsible for morphogenic cell migration in the insect trachea (32, 33) . Moreover, epithelial buds expressing the receptor grow toward their ligand in adjacent cell layers (34) , both in the tracheal organ of Drosophila and in the mammalian lung (27) . Hence, epithelial-mesenchymal interactions between FGF and FGFR may be a general paradigm for FGF-mediated developmental signaling.
